Cross-sectional and en-face depolarization imaging for the assessment of dental lesions (OCT) is a non-invasive, high-resolution imaging technique, based on the interference of near-infrared light, and has already shown its potential for several biomedical applications such as the depth-resolved assessment of dental lesions [1] . While OCT primarily measures the intensity of backscattered light, several expansions have been proposed that provide an additional tissue-dependent contrast. This includes polarization sensitive OCT (PS-OCT), which is especially used to differentiate birefringent from nonbirefringent tissues but enables also, for instance, the determination of fiber orientations or depolarization properties [2, 3] . As the depolarization cannot be obtained directly from a single OCT measurement due to its interferometric nature, only variations in adjacent pixels, resulting from the sub-resolution polarization scrambling of a depolarizing sample, can be assessed. The corresponding algorithm, measuring the degree of polarization uniformity (DOPU), was introduced as a tool in ophthalmology [4] and relies on the averaging of adjacent speckles or pixels, respectively, in the OCT signal, where DOPU values of 1 represent fully polarized and 0 fully depolarized light.
Introduction
Dental caries is one of the most common diseases and the early detection and successive assessment of carious lesions, desirably non-invasive, is still an ongoing topic in biomedical research. On the other hand, optical coherence tomography
Methods and setup
The custom swept source PS-OCT system [5] , that was used for this study, is based on a bulk optics setup, which was conceptually introduced by Hee et al. [6] As it is shown in Fig. 1 , the sweeps of a swept laser (Axsun Technologies Inc., Billerica, Massachusetts) with a repetition rate of 50 kHz and a center wavelength of 1310 nm are amplified by a polarization-dependent booster optical amplifier (BOA), while manual polarization controllers (PC) allow the polarization adjustment of both incoming and outgoing sweeps. Via an optical circulator (OC), they are then transferred to the bulk optics setup, which in principle is a Michelson interferometer extended by polarization optics (polarization beam splitters -PBS, quarter wave plates -QWP) that provide circularly polarized light incident in the sample and diagonal-linearly polarized light returning from the reference arm, which provides equal reference intensity in both orthogonal polarization states. A polarization-diverse detection of the orthogonal components is then realized by PBS and balanced detectors (BD), where linear polarizers (LP) compensate for the lower extinction ratio of the reflected part. Both channels are recorded by a high-speed digitizer linearly in k-space, due to a clock signal provided by the laser itself, and phase-stabilized using a fiber Bragg grating module (FBG) for trigger generation.
Since light of a non-birefringent, polarization-conserving sample should only be measured in the so-called co-polarized channel, the perpendicular part is designated as the crosspolarized channel. To perform both cross-sectional and volumetric imaging, two galvanometer scanners (GS) enable a transverse scanning in the sample arm, which is synchronized by a data acquisition card (DA).
As there are several publications on the calculation of the birefringent properties of the sample from such system's measurements [2, 3] we want to focus here on the calculation of the DOPU values and its composition with the intensity data. Fig. 2 shows a schematic diagram of the calculation steps. Complex data, which consist of depth-resolved amplitude and phase information, are collected from both cross-and co-polarized channels and displayed as intensity images. Both channels are then merged into a reflectivity image, which is thus suited to delimit image regions with a high SNR and accordingly valid DOPU values. On the other side, the acquired data, which can be described as Jones vectors with orthogonal polarization components due to the characteristics of the interferometer setup, are converted into normalized Stokes components and spatially averaged, from which the DOPU can be calculated. The size of the averaging window is thereby usually chosen as multiples of the axial and lateral resolution, depending on the desired DOPU Complex data from the cross-and co-polarized channel are merged into a reflectivity image (left) and converted into Stokes components (right), which are then spatially averaged to calculate the DOPU values. Finally, a mask generated by a given threshold from the reflectivity data, is applied to the DOPU image. All scale bars correspond to 500 µm. contrast and resolution preservation. In case of dental lesions, we have found that a window size of 3 by 3 multiples meets the requirements [5] , hence it was used for all figures in this paper.
Finally, reflectivity and DOPU images are merged into one representation, in this case by generating a mask from the reflectivity data with a given threshold, which is subsequently applied to the DOPU image. Whereas this approach seems appropriate to highlight relevant regions of demineralization, the missing intensity information in Fig. 2 hampers the determination of the penetration depth of the carious lesion.
We therefore want to address this issue with an amended representation of an extracted molar tooth with a discolored demineralization (brown spot) on the proximal side. The tooth was provided by enretec GmbH (Velten, Germany) and was stored in a distilled water-thymol solution to prevent dehydration. Prior to the PS-OCT measurements, the tooth was visually examined by an experienced dentist to confirm the characteristic.
Results and discussion
To achieve a significant DOPU contrast, we had initially chosen a custom color scale with a green-yellow-red transition, whereas yellow was set not to the center (0.5) but to a higher value (0.7) for a better delimitation of relevant regions. However, this color scale comprises some fundamental drawbacks as the contrast is not visible to people with a red-green color perception deficiency and the scale does not offer a uniform brightness ("isoluminescence"), which makes it unsuitable for combining a color-encoded channel (DOPU) with a second, brightness-encoded channel (reflectivity).
As it is shown in Fig. 3a , the masked DOPU crosssection allows a clear identification of the region, which is affected by the demineralization of the brown spot and therefore appears highly depolarizing (DOPU<0.5) in the left part of the image. Likewise, the region can be identified in the RGB image in Fig. 4 due to the inclusion of particles. Additionally, a small lesion near the cementum in the right part of the image can be found, which is not prominent in the RGB image and might refer to an initial lesion. In contrast, the axial spreading of both lesions might be erroneously estimated due to the more or less sharp demarcation of the applied mask. We therefore modified the contrast of the reflectivity image (Fig. 3b) and multiplied it to the colored DOPU image to include both structural information and the specific signal drop in the DOPU image (Fig. 3c) . Since DOPU values and signal drop over depth are assumed to offer lesion characteristic information, this representation should allow a more conclusive representation. To overcome the initially mentioned shortcomings of the color scale regarding color perception deficiency and isoluminescence, a second, combined representation based on the inverse color scale "Ametrine" [7] is introduced. It offers a linearly decreasing (0 to 1), balanced luminescence over the entire scale and is therefore particularly suitable to colorencode a functional channel with a higher weighting towards lower values (1 to 0). Additionally, this color scale enables an unambiguous color contrast for people with a red-green perception deficiency and will show the same results when printed, as all components are part of the CMYK color space.
The result, again multiplied with the reflectivity data from Fig. 3b , can be seen in Fig. 3d . For both color scales, the superposition of DOPU and reflectivity data allows a better allocation of structural features in comparison to demineralized regions, as a crack-like pattern in the lower left part of the images demonstrates. In the case of the demarcation on the right of the brown spot, the masked representation in Fig. 3a might mislead into the assumption of a clear boundary, whereas both the reflectivity (Fig. 3b) and the merged representations (Fig. 3c, d ) indicate that the near-surface scattering and the reduced penetration depth of the signal affect a clear assessment of the subjacent boundary. Moreover, we have calculated the averaged en-face projections of the entire volume stacks of reflectivity and DOPU values and subsequently compared with an RGB image of the corresponding region. The reflectivity en-face projection in Fig. 4 confirms the impression of the crosssectional reflectivity image that the demineralization results in an altered scattering behavior of the enamel, which coincides with both the visual and the reflectivity appearance of a white spot in previous investigations [5] and should therefore not originate from the deposited particles in the brown spot. Additionally, cracks in the enamel, which are slightly visible in the RGB image, appear more clearly in the reflectivity en-face projection. In the merged DOPU image, again Ametrine was used for color-encoding and multiplied with the reflectivity projection, thus showing the same structural features of cracks and spots but with an additional color-emphasis on the lesion. Therefore, the affected region of the brown spot can be delimited by both representations, whereas the merged image allows a more definite classification, especially for smaller and less specific lesions or for investigators without comprehensive experience.
Conclusion
With the merged DOPU and reflectivity for depolarization imaging, we have introduced a novel representation for the assessment of dental lesions by PS-OCT. Our preliminary results show that both cross-sectional and en-face images of the merged reflectivity and DOPU values provide a promising contrast for the detection and assessment of dental lesions. While there is a need for technical solutions to apply this approach conveniently in a clinical environment, several issues remain for future ex vivo investigations, including a direct comparison of an extensive amount of lesions with a suitable gold standard, for instance polarized light microscopy of corresponding thin sections.
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